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ABSTRACT
Helium and argon arc plasmas rotating in a magnetic field
were used as a source of vacuum-ultraviolet radiation
(VUV) for modifying polymer surfaces. Surface
modification was examined for treated samples of
poly (tetraf luoroethylene) (PTFE), fluorinated
ethylene-
propylene copolymer (FEP), polyimide (PI) and poly ether
ether ketone (PEEK) . Weight loss and contact angle
experiments were carried out for polymers exposed to arcs
of various parameters and exposure times. Additional
experiments were carried out using various UV filters
positioned against the exposed polymer surface to
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1.0 INTRODUCTION
Polymers can undergo photochemical reactions when
exposed to ultraviolet (UV) radiation, thus altering the
chemical and/or physical properties of the polymer [ 1] .
UV radiation is known to cause photodegradation,
crosslinking and photo-oxidation of polymers. The
modifications brought on by UV treatment can affect the
surface properties, such as wettability, thus affecting
the adhesive properties of a polymer. . Vacuum-
ultraviolet (VUV) radiation, UV radiation less than 180
nm in wavelength, is absorbed strongly by polymers [2-41
thus limiting photochemical reactions to the surface
region of a polymer. Treatment of polymers by VUV
radiation could therefore be an effective technique in
modifying surfaces,
Wettability is the measure of molecular contact at
an interface between two surfaces. Wetting at the
interface is the first step in the formation of the
adhesive bond [53. Improving the wettability may
increase the adhesive bond strength between two
materials. It should be noted that good wetting is
necessary for, but does
not insure good bonding [53.
Wettability can be measured by the spreading of a liquid
on a surface. The angle a liquid forms on a surface is
known as the contact angle and is related to the surface
energy of the material (Figure 1). The relationship
between the contact angle and the surface energy is
expressed by Young's equation:
/L.cose=yt-^L (1)
where j/L. is the liquid surface energy, /s the solid
surface energy and Osi_ the solid-liquid interfacial
energy. Increasing the solid surface energy will result
in a lower contact angle, i.e., improved wettability.
Polymers are generally low surface energy materials
exhibiting poor wettability. For example,
polytetraf luoroethylene (PTFE) has a contact angle for
water greater than 100. Water is commonly used as a
liquid for contact angle measurements because of its high
surface energy and its responsiveness to polar changes on
a surface.
When reporting values for contact angle, a
distinction should be made if the angle is an advancing
or receding contact angle [53.
Contact angle data
typically reported in the literature, without any
distinction, are assumed to be the advancing contact
angle. An addition of liquid to a drop on an ideally
smooth and homogeneous surface will cause the drop front
to advance and re-establish the initial value for the
contact angle. The removal of liquid from a drop will
DROP
FIGURE 1 Contact angle and Young's equation [63
cause the drop front to recede with the initial value for
the contact angle being re-established. Rough and
hetereogeneous surfaces will exhibit a difference between
the advancing and receding contact angles with the
receding angle being less than the advancing angle. This
difference is known as a contact angle hysteresis [5,73
and has been attributed to, besides surface roughening
[8,93 and hetereogenity [103, surface cleaning [73 and
molecular orientation [ 113 .
As stated, UV radiation can affect the physical
properties of polymers. Stephenson et al. [123 reported
the effects of exposure to UV radiation, wavelengths of
244 (5.08 eV), 314 (3.95 eV) , and 369 (3.36 eV) nm, on
the tensile strength and ultimate elongation of several
polymers, including PTFE. The tensile strength and
ultimate elongation of PTFE decreased with time of
exposure to UV radiation. The authors determined photons
greater than 3.2 eV were necessary to cause degradation
of the physical properties and the magnitude of
degradation increased as the photon energy increased,
Alvino [ 133 reported similar decreases in tensile
strength and ultimate elongation for polyimide (PI)
exposed to solar radiation, 280-400 nm in wavelength.
Several hundred hours of exposure were necessary to
induce changes because PI absorbs weakly in this region.
Srinivasan and Lazure [ 143 exposed
poly(terephthalate) (PET), poly(methyl methacrylate
(PMMA) and PI in air to 185 nm wavelength UV radiation.
X-ray photoelectron spectroscopy (XPS) analysis showed
the surfaces of the three polymers underwent considerable
photooxidation. A maximum value for the 0/C signal from
the XPS analysis was obtained for all samples after
approximately ten minutes of exposure to the UV
radiation. The etch rates for the polymers varied from
-14 A/min for PET and PI to 85 A/min for PMMA. Scanning
electron microscopy showed that PET had undergone
roughening of the surface. The authors suggested the
roughening was related to small differences in
sensitivity to photoetching by the crystalline and
amorphous regions of the polymers.
Momose et al. [153 irradiated PI in various
atmospheres using 254 nm wavelength UV radiation. XPS
analysis detected increases in 0 and N formation of the
treated surfaces even for samples exposed to UV radiation
in a vacuum. Electron Spin Resonance (ESR) analysis
indicated free radicals were generated by the UV
radiation. Oxygen and nitrogen groups were detected on
the surface suggesting that the free radicals reactions
with 02 and N2 had occured.
Choi et al. [163 reported the degradation of PMMA by
deep UV (4-6 eV) , x-ray (.8-1.8 keV) , electron (25 keV)
and proton (300 keV) irradiation. The high energy
radiation beams were more efficient than deep UV in
causing main chain scission of PMMA. However, exposure
to deep UV radiation was more efficient in removing the
ester side chain of PMMA and in forming unsaturated
carbon-carbon double bonds on the polymer chain. The
differences in the effect were attributed to differences
in radiation energies and the chemical processes
associated with them.
Polymer wettability can be improved by exposing
surfaces to UV radiation. Peeling et al. [173 used XPS
analysis and contact angle measurements to study surface
changes of PET modified using 254 nm wavelength UV
radiation. A decrease in the contact angle of water was
observed with a corresponding increase in the intensity
of the 0/C signal detected by XPS. The improved
wettability was due to photo-oxidation of the
surface.
Washing the exposed surface with water before measuring
the contact angle resulted in a decrease in the contact
angle, but not as large as the decrease obtained
for the
unwashed samples. The washing of the samples apparently
removed low molecular weight water soluble photo
oxidation fragments from the surface.
Esumi et al. [18,193 exposed polystyrene,
poly (methyl vinyl
ketone) and several silicone containing
polymers to a low pressure mercury lamp in air and
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measured changes in contact angle versus time of
exposure. The polar and nonpolar components of the
surface energies were calculated from contact angle
measurements using water, a polar liquid, and methylene
iodide, a nonpolar liquid. The contact angles for water
decreased with time of exposure, while the contact angles
for methylene iodide remained constant. The contact
angle data corresponds to an increase in the polar
component of the surface energy while the nonpolar
component remaining unchanged, thus indicating photo
oxidation of the surface. Washing of the exposed surface
increased the contact angle towards values for the
untreated polymer. As discussed by Peeling [173, water
soluble photo-oxidation products were removed by washing
the surface.
Lee and Ruckenstein [203 exposed PMMA in air to UV
radiation of wavelength 254 nm and measured the contact
angle of water versus time of exposure. The contact
angle measurements were carried out in an environmental
chamber so the water drops could be observed over a
period of time. A decrease in the contact angle was
observed as a function of time of exposure for the
treated samples and was attributed to photo-oxidation of
the surface. The contact angle continued to decreased as
the drop was left on the sample in the environmental
chamber. The authors attributed the continuing decrease
in the contact angle to photodegradat ion products being
absorbed into the water drop and to water entering the
bulk of the polymer through pores created on the surface
by photodegradat ion.
The use of UV excimer lasers for etching and
modifying polymers has been reported [14,21-243.
Fragments of the polymers are etched away by a process
termed "ablative photodecomposit ion" [ 143 . There is a
disagreement in the literature concerning whether the
ablation process is the result of a photochemical or a
photothermal effect or a combination of the two. The
wavelengths of the excimer lasers correspond to photon
energies roughly equivalent to the bond energies found in
polymers. Brannon et al. [233 argue that the ablation
process is primarily photothermal, caused by the energy
of the absorbed photons being converted to vibrational
energy resulting in the heating of the polymer. Their
studies were based on the use of 248 (5.00 eV) , 308
(4.03 eV) and 351 (3.53 eV) nm wavelength excimer lasers.
They remark that bond breaking generated using a 193 nm
(6.42 eV) wavelength laser will also be accompanied by
heat generation. However, they do suggest photochemical
processes play a more important
role as the wavelength of
the laser decreases. Srinivasan et al. [21,223 report
ablation is dominated by the photochemical process,
especially at shorter
wavelengths and lower laser
fluences, the energy per unit area in a lifetime of the
laser pulse. They suggest, even with the longer
wavelength lasers, that absorption is a multiphoton
photochemical process. Though there is a debate on the
mechanism of the ablation process, there is a clear
dependence on the wavelength emitted by the laser and the
absorption coefficient of the polymer at that wavelength.
Yeh [243 reports clean etching by longer wavelength
lasers, was observed only for polymers that absorbed at
that wavelength.
Little has been reported in the literature
concerning the effect of VUV radiation on polymers.
Polymers, in general, are reported to have high
absorption coefficients of radiation in the VUV region
[253 . The following figures give an indication of the
absorption properties of a few polymers in the VUV
region: Figure 2 is the absorption spectrum of
polyethylene [23, Figure 3 are the transmission spectra
of PTFE [33 and Figure 4 is a plot of the extinction
coefficient versus photon energies for PI [43. As
mentioned, the strong absorption limits the penetration
of and photochemical reactions by VUV photons to the
surface region of the polymer. Inert gases, excited by
various techniques, have been used as sources of VUV
radiation [ 263 .
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FIGURE 2 Absorption spectrum of polyethylene in the VUV
region. The absorption from -1800 A to 2000 X
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FIGURE 3 Transmission Spectra, Curves 1 and 2, of PTFE
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FIGURE 4 Extinction coefficient of polyimide (Kapton) as
a function of incident photon energy [43.
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Valiev et al., [273 investigated the photoetching of
PMMA using a hydrogen lamp as a source of VUV radiation.
Several filters were used to determine which wavelengths
of radiation were most effective in degrading the
polymer. The greatest weight loss occured when a MgF=
filter, UV cutoff wavelength 115 nm (10.8 eV) , was used.
As filters with increasing UV cutoff wavelengths were
used, the weight loss decreased. A small weight loss was
observed when a quartz filter, UV cutoff wavelength 180
nm (6.9eV), was used, while no weight loss was measured
when a UV filter with a cutoff of 250 nm was used. The
weight loss data indicated that photon with wavelengths
less than 125 nm (9.9 eV)
, the UV cutoff wavelength of
CaF.2, were the most effective in causing photoetching.
Hudis and Prescott [283 determined the amount of
crosslinking induced in polyethylene (PE) by VUV
radiation emitted by a radio-frequency generated hydrogen
plasma. Two reactors were used, one with a LiF window
separating the polymer from plasma allowing reactions
with photons only and another allowing contact of the
polymer with ions, metastables and neutrals from the
plasma. The amount of crosslinking, as measured by gel
mass, was almost identical for the two reaction systems.
The experiments demonstrated the importance of VUV
radiation emitted by a plasmas in reactions with
polymers.
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Yasuda [293 detected the formation of oxygen
containing groups, using XPS analysis, on PE and PTFE
exposed nitrogen and argon radio-frequency plasmas,
Using ESR, the author was able to detect free radicals
generated below the top surface layer, where ions and
metastable species from the plasma have no effect. The
VUV radiation emitted from the plasma generated free
radicals in the subsurface region.
Clark and Dilks [30,313 studied poly
(ethylene-
tetraf luoroethylene) , an alternating copolymer, modified
using radio-frequency generated inert gas plasmas. Using
XPS analysis and a model they developed, the authors
distinguished between the effects of ions and metastables
from the effects from photons. They determined the ions
and metastables were most effective in modifying the top
20 A of the surface, while the absorption of VUV photons
were solely responsible for modification, greater than 20
A below the surface. No modification of the copolymer
was observed for a sample exposed to radiation from an
argon plasma when a quartz shield was placed on top of
the sample, thus only allowing reactions with photons
greater than 160 nm in wavelength [303. The two
homopolymers that make up the copolymer begin absorbing
VUV below 160 nm in wavelength (Figures 2 and 3), thus,
as the authors expected, no modification would occur when
the quartz was in place. A sample of PET was exposed
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using similar conditions and did undergo some
modification. The -C-0 functional group of PET absorbs
UV radiation greater than 160 nm in wavelength.
Egitto and Matienzo [323 have investigated PTFE and
PE modified by VUV radiation downstream of a helium
microwave plasma. Decreases in the receding contact
angle were observed for treated samples of the two
polymers. Using various UV filters, it was determined
that photon energies greater than 9.93-11.28 eV were
necessary to modify PTFE while photon energies greater
than 7.75-9.19 eV were necessary to modify PE. XPS
analysis indicated that the treated surface of PTFE
underwent defluorination while the treated surfaces of
both PTFE and PE indicated the formation of C-0 bonds.
Free radicals generated by VUV photons could react with
oxygen when the samples were exposed to the atmosphere
thus forming oxygen containing groups on the surface.
Inert gas arc plasmas rotating in a magnetic field
offer a possible source for generating VUV photons.
Rotating arc plasmas have been used as sources for
spectrochemical analysis, deposition and synthesis
[33-
383 . The intensity of radiation emitted by an arc plasma
is a function of its gas temperature, number density,
which is determined by the gas pressure, and electron
density [343. The temperature distribution between the
anode and cathode for a vertical burning arc plasma, the
15
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FIGURE 5 Radial temperature distribution of a vertical
burning arc [ 353 .
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FIGURE 7 Temperature distribution between the cathode
rod and anode wall of an arc rotating in a
non-homogeneous magnetic field [333.
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axial temperature distribution, is rather homogeneous
[333. The temperature distribution in the radial
direction of a vertical burning arc plasma drops off as
the distance from the center of the arc increases rapidly
approaching room temperature (Figure 5) [353. Figure 6
[363 shows how the decrease in radial intensity
corresponds to the decrease in the radial temperature of
an arc plasma. The influence of an external magnetic
field (B) perpendicular to the electric field (E) of the
arc plasma results in a drift vector perpendicular to the
plane BxE. As the result of the collective behavior
properties associated with plasmas, the electrons and
ions in the arc rotate in the same direction of drift
vector. The rotation of the arc plasma creates a more
homogeneous temperature distribution , Figure 7 [333,
which is similar to the axial temperature distribution in
a vertical arc plasma and results in a more homogeneous
source of radiation.
Helium and argon gases were chosen as sources of VUV
radiation since they emit radiation in the VUV region.
Weight loss, changes in wettability and surface
morphology were examined for
samples of
poly(tetra-
f luoroethylene) (PTFE), fluorinated ethylene-propylene
copolymer (FEP), polyimide (PI) and poly ether ether
ketone (PEEK) exposed to rotating arcs of the two gases.
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2.0 EXPERIMENTAL
2. 1 Rotating Arc Apparatus
The apparatus used for the rotating arc experiments
consist of a reaction chamber containing the arc
electrodes and substrate holder, arc power supply,
magnetic coils with a power supply and vacuum pump.
Figure 8 shows a block schematic of the experimental
apparatus, while Figure 9 shows the reaction chamber with
the magnetic coils in detail.
2.1.1 Reaction Chamber
The reaction chamber was made from a
6"xl2"
Corning
Glass conical Pyrex glass pipe with a base and top plate.





tube OD Swagelok bulkhead unions
provide feedthroughs in the base plate for the vacuum





type Swagelok male connector
was used as a feedthrough for thermocouple. A
1.33"
Huntington Mechanical Laboratories electrical feedthrough
flange mounted on the top of the base plate connects the






















FIGURE 8 Block diagram of rotating arc apparatus.
(Key on following page).
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Key to Figure 8:
RC-
Reaction Chamber
PS1- Arc Power Supply



















FIGURE 9 Reaction chamber for rotating arc experiments.
(Key on following page).
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Key to Figure 9:
Py- Pyrex Glass Pipe









FIGURE 10 Aluminum base plate for reaction chamber.
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aluminum plate with a 2"x 1.5"x 1.5" aluminum block
attached to one end was centered on to the top of the
base plate to support the arc anode and substrate holders
(Figure 11). The substrate holder was mounted onto the
aluminum block. The top plate was a 10"x 10"x 3/8"
aluminum plate with the corners rounded. A 2.75" OD
Varian ConFlat electrical feedthrough flange centered on
the top of the top plate provides necessary contact
between the arc anode and the arc power supply. All the
feedthroughs and the additional aluminum plate mounted on
the base plate were contained within the reaction
chamber .
2.1.2 Electrode Assembly
The arc electrodes were a graphite cathode rod
positioned coaxially in a graphite anode tube (Figure
12). Graphite rods (Bay Carbon Inc.), 6"x .25", were cut
into segments about
2"
in length and have one end
sharpened to a point. The graphite tubes (Bay Carbon
Inc.) were x x
1"
in dimension. The cathode
rod was supported by a small aluminum holder attached to
an
1/4" diameter copper tube which connects the cathode
electrical feedthrough on the base plate. The anode tube






















FIGURE 12 Metal ring assembly for supporting the anode
tube. Shown with cathode rod positioned
coaxially in anode tube: A.) side view,
B. ) front view.
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electrode support. A section of the electrode support
was an insulating material so that the anode was
electrically isolated from the base plate. An
approximately
6"
length of 18 gauge high voltage wire
(Belden) connects the anode support to the anode
electrical feedthrough on the top plate.
2.1.3 Substrate Holder and Temperature Measurements
The substrate holder was machined from non-magnetic
stainless steel. The screw assembly holds the polymer
substrate in place facing the arc electrode (Figure 13).
The arc/substrate distance was varied by adjusting the
position of the electrode assembly within the reaction
chamber.
An Omega 871 Digital Thermometer was used to monitor
the substrate temperature. The tip of the K type
Ni/Cr-
Ni/Al thermocouple was placed in contact with the
substrate surface exposed to the arc.
2.1.4 Arc Power Supply
The arc was powered by a variable current
Jarrell-
Ash DC-Arc power supply with a





FIGURE 13 Substrate holder with screw on ring. (Figure
modified from reference 39).
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constant voltage of 110V was maintained across the
electrodes for all experiments. Arc currents from 3 to 7
amps were used for the experiments.
2.1.5 Magnetic Coils and Power Supply
Two magnetic coils were constructed from 18 gauge
copper wire wrapped around an aluminum frame. Each coil
has a radius of 16 cm. The 2 magnetic coils were wired
in parallel with a Alpha AL 7500 DC power supply so that
their magnetic fields were in the same direction. The
magnetic fields of two coils will add when the coils are
positioned coaxially from one another. If the distance
separating the coils is equal to the radius of a coil, an
homogeneous magnetic field is obtained. When the
distance separating the coils is greater than the radius
of the coil, a non-homogeneous magnetic field is
obtained. This is illustrated in Figure 14 [483. The
magnetic coils were positioned outside the reaction
chamber for these experiments at a distance of 34 cm
between the centers of the coils (Figure 8). Since the
distance separating the magnetic
coils was greater than
the radius of a coil, 16 cm, a non-homogeneous
magnetic
field was generated for all experiments.
The tip of the
cathode rod was positioned

















FIGURE 14 Magnetic field strength with: a. ) Helmholtz
coils, b. ) coils closer apart than the
radius, c. ) coils further apart than coil
radius C 403 .
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during the experiments. The magnetic field strength was
varied by adjusting the current output of the magnet
power supply. A calibrated Dyna-Empire Inc. Model 888
gaussmeter was used to measure the magnetic field
strength. Table 1 lists the axial magnetic field
strengths as a function of current through the magnetic
coils up to 4 amps at a coil separation of 34 cm. .
Currents of 3 amps, corresponding to a magnetic field
strength of about 94 gauss, were used for all
experiments,
2.1.6 Vacuum system
A Sargent-Welch series 1405 duo-seal vacuum pump





diameter flex tubing connects the pump to a
Whitney throttle valve. The valve was connected to a
1/4"
OD Swagelok bulkhead union on the base plate via
1/4"
OD polyethylene tubing. A valve for venting the
reaction chamber was located on the vacuum line above the
throttle valve. Circular gaskets, a
1/8"
thick and cut
from neoprene rubber, seal the conical glass pipe between
the base and top plates. 0-rings vacuum seal the
Swagelok bulkhead unions and the electrical feedthrough
flanges with the base and top plates,
32
Magnetic Field









TABLE 1 Axial magnetic field strength as a function of
current through the magnetic coils at a coil
separation of 34 cm.
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A Matheson pressure dial gauge was used to monitor
the pressure of the reaction chamber. This pressure
gauge was not very accurate at pressures below 50 Torr.
Several experiments using a MKS baratron capacitance
pressure gauge with Type 221 A pressure transducer and a
MKS instruments Baratron readout and channel selector
determined a base pressure of less than 1 Torr can be
obtained after 10 minutes of pumping.
2 . 2 EXPER I MENTAL COND I T I ONS
2.2.1 Pumpdown and Gas Flow
After the substrate was in place the conical pipe
was put in position on top of the gasket on the base
plate. The wire that was attached to anode support was
connected to the electrical feedthrough on the bottom of
the top plate. The top plate was then positioned onto
the conical pipe with the gasket in place. The pump was
turned on with the throttle valve open and the gas flow
and vent valves closed. After pumping down for about 10
minutes, the operating pressure
was obtained by flowing
the working gas into
the chamber and adjusting the
throttle valve. A Matheson 604 rotameter
flowmeter was
used for the gas flow. Flow rates of approximately
90
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1/s for helium and 60 1/s for argon were used. The
pressures used in these experiments ranged from 400-600
torr .
2.2.2 Gases
Helium and argon were the gases used in the rotating
arc experiments as a source of vacuum-ultraviolet
radiation. Table 2 [413 shows the most intense atomic
lines emitted by neutral species of the two gases in the
VUV region. Figure 15 [423 shows the continuum for
helium and argon in the VUV region. Argon has a lower
ionization potential (15.75 eV) than compared to helium
(24.48 eV) . An argon arc ignites and rotates easier than
helium because of the lower ionization potential. An
argon arc can be maintained with an arc current as low as
2 amps, while a current of at least 4.5 amps was
necessary to ignite the
helium arc. When the tip of the
cathode rod was positioned at the end of the anode tube
closest to the substrate holder, a helium arc required an




Atomic Spectral Relative Photon
Element Lines <JL)_ Intensity Energy..._<_eVL
He 537. 02 20 23. 1
584.33 50 21.2




TABLE 2 Most intense spectral lines of neutral atoms of
helium and argon in the VUV region [413.
Relative intensities should not be compared
between the two gases.
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e. v.
FIGURE 15 Rare gas continua [423.
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2.2.3 Polymers
Circular samples of approximately 5.5 cm in diameter
were cut from precast films of the following polymers for
the rotating arc experiments: poly (tetraf luoroethylene )
(Tef lon-PTFE) (Dupont), fluorinated ethylene-propylene
copolymer (Teflon-FEP) (DuPont), Kapton-H polyimide (PI)
(Dupont) and X100 amorphous poly ether ether ketone
(PEEK) (ICI). Listed in Table 3 are the structures,
thicknesses, the densities and water absorption
properties of the four polymers. These four polymers are
stable at high temperatures. PTFE can be used
continuously up to 260C, while FEP, which is slightly
less thermally stable than PTFE, can be used continuously
up to 200C [453. PI and PEEK show good long term use at
temperatures up to 240 C and 260 C respectively [443.
2.2.4 UV filters
Various UV filters were used to determine the photon
energies necessary to induce polymer surface modification
and degradation. The following filters were used: 2mm
thick lithium fluoride (LiF), 2mm thick calcium fluoride
(CaF^) , 2mm thick Corning 7640 fused silica, 4mm thick










o O oo o o
o o CO 00 in
JO
<











































































































































4 list the UV cutoff wavelengths and corresponding photon
energies for the above filters. The UV filters were held
in place against the polymer samples by two aluminum
rings which are tightened down by the screw ring assembly
of the substrate holder.
2.3 ANALYSIS
2.3.1 Contact Angle
The contact angle of distilled water on the polymer
films was measured using a NRL contact angle goniometer
model 100-00. The NRL goniometer consists of a
microscope with a protracted scale, specimen stage,
graduated micro-syringe and sample illuminator with a
power control. The angle measured is the angle tangent
to the drop at the liquid-solid interface (FIG 1). The
polymer film samples were mounted onto titanium frames
when measuring the contact angles (Figure 16). The film
sample was placed on top of the titanium ring and the
outer titanium frame was pressed on top of them. The
contact angle on both the left and right side of the drop
was recorded immediately following the removal of the
syringe. All contact angle measurements were recorded at
room temperature. As discussed in chapter 4 of reference







LiF 105 [ 13 11.8
CaFa 125 [ 13 9.9
fused silica 160 [23 7.8
KBr 203 6. 1
crown glass 278 4.5
[ 13 Reference 46
[23 Reference 47
TABLE 4 UV filters with the UV cutoff wavelength (%
Transmittance) and corresponding photon energy
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FIGURE 16 Titanium frame for mounting substrates for
contact angle measurements.
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little affect on contact angle measurements. Therefore,
variations in room temperature will have little influence
on the contact angle measurements reported here.
Two types of contact angle were measured depending
on the polymer sample that analyzed. No change in the
advancing (initial) contact angle was observed for
treated samples of PTFE and FEP polymers. However,
changes in the receding contact angle were found for
these two polymers. A 50 ul drop of water was carefully
placed on the f luoropolymer . The syringe was then
carefully removed from the drop and the advancing contact
angle was recorded. Next the syringe was lowered back
into the drop and lOul of the water was removed. The
syringe was always removed from the drop before the
contact angle was recorded. Three more times lOul of
water was removed from the drop so that receding contact
angles were recorded for 40, 30, 20 and 10 ul size drops.
The receding contact angle values obtained in
this work
for the lOul size drops will be identified as the
"minimum"
receding contact angle. The difference between




contact angle for a substrate, (6^-8,-), was calculated to
compare changes in wettability with other substrates. As
mentioned above, the angle was measured on the left and
right side of each drop. Three to five drops were
43
measured for each sample, so that 6-10 values for contact
angles were recorded.
A change in the advancing contact angle for water
was observed for treated PI and PEEK. The advancing
angle was measured by carefully placing a lOul size drop
on the exposed surface, slowly removing the syringe from
the drop and recording the contact angle on the left and
right of the drop. Contact angles for several drops were
measured for each sample.
2.3.2 Weight Loss and Etch Rate
Weight loss measurements were performed using a
Mettler Type M5 microbalance. The samples were weighed
before and after exposure to the arc for various lengths
of time. All the polymer samples were stored in a
desiccator to limit any absorption of water vapor. PTFE
and FEP were stored in the desiccator for about ten
minutes after exposure before being weighed. Consistent
weight loss data for PI and PEEK could not be obtained
even when increasing the time a sample was stored in a
desiccator. Inconsistencies were probably due to the
water absorption characteristics of the two polymers
(Table 3). All polymer samples were given a few
"shots"
44
from a Discwasher Zerostat 3 Anti-Static Instrument
immediately before being weighed.
The approximate thickness of polymer etched away was




where m is the weight loss (g),is the polymer density
(g/cm3)
, A is the surface area of the exposed polymer
(cn2) and ^d is the change in thickness in angstroms. An
approximate etch rate in angstroms per minute was
obtained by dividing Ad by the time of exposure, t, to
the arc:
ER=Ad/t (2)
The calculated change in thickness and the etch rate
are approximate values because the etching may not be
uniform across the exposed surface. The density for PTFE
and FEP was taken to be 2.17
g/cm3 (Table 3).
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2.3.3 Scanning Electron Microscopy
Changes in polymer surface morphology were examined
by scanning electron microscopy (SEM) using an ISI-40
International Scientific Instrument. A 15 kV electron
beam voltage was used for all SEM analysis. The polymer
film samples were mounted on SEM sample studs using
double stick tape and prepared for analysis by sputtering
an approximately 50 A thick Au/Pd film onto the sample. A
Polaron Instruments Inc. E 5000 SEM sputter coating unit
was used for the Au/Pd sputter deposition. Sputtering
was carried out using a 20mA sputtering current and 20s
sputtering exposure time. Films were examined at
magnifications between 1000 and 15,000 times. The SEM




3. 1 Contact Angles
3.1.1 Untreated Polymers
Advancing contact angle measurements for untreated
polymers used in these experiments are compared with the
values reported in the literature in Table 5. The values
obtained in this work correspond well with the literature
values. Figures 17 and 18 show the receding contact
angle versus drop size for untreated PTFE and FEP.
3.1.2 Receding Contact Angles vs. Time of Treated
PTFE and FEP
The effect of time of exposure to helium and argon
arcs on the receding contact angle of PTFE and FEP was
investigated. The receding contact angle versus drop
size for PTFE exposed to radiation from an helium arc for
1 (P)
,
15 (O) , 30(A) and 60<B) minutes at a chamber
pressure of 600 torr is shown in Figure 19. Figure 20
shows the receding contact
angle versus drop size for
PTFE exposed to an argon arc for 1(0), 5(D), 10(A), 20<#)
and 30(B) minutes at a chamber pressure of 500 torr.


















TABLE 5 Contact angles for untreated PI, PEEK, PTFE and
FEP.
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FIGURE 17 Receding Contact Angle vs. Drop Size for
untreated PTFE.
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FIGURE 19 Receding Contact Angle vs. Drop Size for PTFE
exposed to an helium arc for: 1 minute ( (6 -
9r)= 5) O. 15 minutes ((8-9r)= 68) o". 30
minutes <<6.-er-)= 68) (A) and 60 minutes ('(9 -
9r>-- 68) <fl). (Pressure= 600 torr, arc current^
5A, arc/substrate distance= 7.5 cm, magnetic
field strength= 94 gauss).
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FIGURE 20 Receding Contact Angle vs. Drop Size for PTFE
exposed to an argon arc for: 1 minute ((9-
6^)= 50) <0>
, 5 minutes ((9,-9,.)= 60) <Q)
, 10
minutes (<6-9^)= 64) (A), 20 minutes ((9-
6r)= 69) (#) and 30 minutes ((9,-9,.)= 66) (fl)
(Pressure= 500 torr, arc current= 5A, arc/
substrate distance= 7.5 cm, magnetic field
strength= 94 gauss) .
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FIGURE 21 Receding Contact Angle vs. Drop Size for FEP
exposed to an helium arc for: 1 minute ((6.-
9,-)= 52) O . 5 minutes ((9.-9,.)= 48) (Q> , 15
minutes
(<9.-9^)= 49) (A) and 30 minutes <<8, .
6r)= 45) (fl) . (Pressure2 600 torr, arc current =
5A, arc/substrate
distance2 7.5 cm, magnetic
field strength2 94 gauss).
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size for FEP exposed to an helium arc for 1 (O) , 5(0),
15(A) and 30(B) minutes at chamber pressures of 600 torr.
Figure 22 shows the receding contact angle versus drop
size for FEP exposed to an argon arc for 1 (O) , 5(D),
10(A), 20 () and 30(B) minutes at chamber pressures of
500 torr. The figures in this section list the
difference between the advancing and receding contact
angles, (6nil-6,-). An arc current of 5 amps and axial
magnetic field strength of 94 gauss were used for all of
the experiments listed above. The tip of the cathode rod
was positioned just inside the end of the anode tube
furthest away from the substrate
for all experiments
giving an approximate
arc/substrate distance of 7.5 cm.
3.1.3 Effect of Chamber Pressure on the Receding
Contact Angle of PTFE
The effect of chamber pressure, using
constant flow
rates, on the receding
contact angle of PTFE exposed to
an helium arc was
investigated. Figure 23 shows the
results from three samples
exposed to the arc at chamber
pressures of 400(A), 500 (Q) and
600(0) Torr. Exposure
times of 15 minutes and
arc currents of 5 amps were used,
The arc/substrate
distance was 7.5 cm for these
experiments.
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FIGURE 22 Receding Contact Angle vs. Drop Size for FEP
exposed to an argon arc for: 1 minute ((9,-
9^) = 42) (0> . 5 minutes ((9.-9,-)= 53) (Q) . 10
minutes
((6-er)= 50) (A), 20 minutes ((9.-
8,.)= 47) (#) and 30 minutes ((6-er)= 45) (fl).
(Pressure2 500 torr, arc current2 5A, arc/
substrate
distance2 7.5 cm, magnetic field
strength2 94 gauss) .
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FIGURE 23 Receding Contact Angle vs. Drop Size for PTFE
exposed to an helium arc for 15 minutes at
pressures of: 400 torr ((8.-8,-) = 78) <A) , 500
torr (O.-e,-)2 71) <Q> , 600 torr ((8.-8,-)= 68)




3.1.4 Advancing Contact Angle vs. Time for Treated
PI and PEEK
The effect of time of exposure to helium and argon
arcs on the advancing contact angle of PI and PEEK was
investigated. The contact angle versus time for a PI
sample exposed to an helium arc for 1, 5, 10, 20 and 30
minutes is shown in Figure 24 and for 1, 10, 20, 30, 40,
50 and 60 minutes in Figure 25. Figure 26 shows the
contact angle versus time for PI exposed to an argon arc
for 1, 5, 10, 20 and 30 minutes. The contact angle
versus time for PEEK exposed 1, 5, 10, 20 and 30 minutes
to an helium and an argon arc are shown, respectively, in
Figures 27 and 28. Arc currents of 5 amps, axial
magnetic field strengths of approximately 94 gauss and
arc/substrate distances of 7.5 cm were used for all
experiments,
3.1.5 Effect of UV Filters on Contact Angles
Samples of PTFE and FEP were exposed to helium and
argon arcs with various UV filters in contact with the
exposed polymer surface. The UV filters used are listed
in Table 4 along with
their respective UV cutoff
57





















FIGURE 24 Contact Angle vs. Time for PI exposed to an
helium arc.
(Pressure2 500 torr, arc current2 5A,
arc/substrate
distance2 7.5cm, magnetic field
strength2 94 gauss) .
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FIGURE 25 Contact Angle vs. Time for PI exposed to an
helium arc. (Pressure2 500 torr, arc current2 5A,
arc/substrate distance= 7.5cm, magnetic field
strength2 94 gauss) .
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FIGURE 26 Contact Angle vs. Time for PI exposed to an
argon arc.
(Pressure2 500 torr, arc current2 5A
arc/substrate
distance2 7.5cm, magnetic field
strength2 94 gauss) .
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(Pressure2 500 torr, arc
current- 5A,
arc/substrate























FIGURE 28 Contact Angle vs. Time for PEEK exposed to an
argon arc. (Pressure2 500 torr, arc current2 5A
arc/substrate distance2 7.5cm, magnetic field
strength2 94 gauss) .
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wavelengths. Chamber pressures of 500 torr, arc currents
of 7 amps, arc/substrate distances of ~5 cm and axial
magnetic field strengths of -95 gauss were used in all
experiments. All samples were exposed in 10 minute
intervals for a total exposure time of 60 minutes. The
receding contact angle was measured at the end of 60
minutes. The receding contact angle was not measured
at
the end of each 10 minute interval, therefore the effect
time of exposure to an arc using the UV filters
was not
examined as it was in section 3.1.2.
Figures 29 and 30 show the receding contact
angle
versus drop size for PTFE exposed to helium
and argon,
respectively, arcs with the
different UV filters in
place. Figures 31 and 32 show the receding
contact angle
versus drop size for FEP exposed
to helium and argon
arcs, repectively,
with the the different UV filters in
place. Included in these figures
are the values for the
receding
contact angle versus drop size for the
polymers
with no UV filter in place
and the difference in the
advancing and receding
contact angles (8K-8,-).





versus the UV cutoff
wavelength of the
filters for PTFE
exposed to helium and argon arcs,
respectively.




versus the UV cutoff of the
filters for FEP
exposed to helium and
argon arcs,
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FIGURE 29 Receding Contact
Angle vs. Drop Size for PTFE
exposed to an helium arc with
various UV filters:
no filter
((8.-8.)= 66 > <Q> . LiF
((8,-8.)= 45
> <0>. CaF"-
<<--e-)= 24 0) <^->* fused silica
((8 -8.)= 28) <>, KBr
((8.-6.)= 9) <> and
crown glass
((8.-8,.)= 4) (A). (Exposure
time2 60
min ,
pressure2 500 torr, arc current 7A,
arc/substrate























FIGURE 30 Receding Contact Angle vs. Drop Size for PTFE
exposed to an argon arc with various UV filters:
no filter
((8.-8,-)= 65 ) <Q> . LiF ((8.-8^) =




((8.-9r)= 33 ) (fl), KBr
((S.-e,.)2 8 ) (#) and
crown glass
<(8.-8,-)2 6 ) <A) . (Exposure time=
60 min. ,
pressure2 500 torr, arc current 7A,
arc/substrate





















Receding Contact Angle vs. Drop Size
100











10 20 30 40 50
Drop Size (t/1)
FIGURE 31 Receding Contact Angle vs. Drop Size for FEP
exposed to an helium arc with various UV filters:
no filter
((8.-8,-)= 50 ) <Q> , LiF ((8.-8.) =
22 ) (0>. CaF*
((8.-8.)= 20 ) (A), fused silica
((8.-8.)= 22 ) fl), KBr ((8.-8.)= 2 ) (#) and
crown glass
((8.-8,-)2 2 ) (A). (Exposure time2
60 min. ,
pressure2 500 torr, arc current 7A,
arc/substrate
distance= 7.5 cm, magnetic field
strength2 94 gauss).
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FIGURE 32 Receding Contact Angle vs. Drop Size for
FEP'
exposed to an argon arc wi,th various UV filters:
no filter ((9.-9r)= 52 ) Q) , LiF ((8.-8.) =
42 ) 0>, CaF= ((8.-8,-) = 26 (A) , fused silica
(<8.-8.)= 27 ) <fl) , KBr ((6.-6r)= 3) (#) and
crown glass ((9-8r)2 3) (A). (Exposure time= 60
min. ,
pressure3 500 torr, arc current 7A,
arc/substrate
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respectively. The above figures also contain the
"minimum"
receding contact angle for the untreated
polymers.
The contact angle versus UV wavelength cutoff for PI
and PEEK exposed to an argon arc are shown in Tables 6
and 7, Data for the two polymers exposed using the LiF
and CaF^-, filters are shown along with the values for
untreated samples and samples exposed with no filter.
The PI and PEEK samples were exposed to the arcs for a
total exposure time of 60 minutes, Chamber pressures of
500 torr, arc currents of 7 amps, arc/substrate distances
of -5 cm and axial magnetic field strengths of 94 gauss
were used for all experiments.
3.2 Weight Loss
3.2.1 Weight Loss with Different Arc Conditions
The weight loss for PTFE and FEP samples exposed ta
arcs of various parameters are shown
in Table 8. Samples
of both polymers exposed to argon arcs
of arc currents of
3, 5 and 7 amps with the tip of the
cathode rod
positioned at the end of the anode tube closest (Front)
to the substrate. The arc/substrate distance is
approximately 5 cm with







TABLE 6 Contact angle data for PI exposed to an argon
arc using UV filters. (Exposure
time2 60 min. ,
pressure2 500 torr, arc/substrate distance2 5 cm
and magnetic field strength2 94 gauss).
Contact




Table 7 Contact angle data for PEEK exposed to an argon
arc using UV filters. (Exposure
time2 60 min.
,
pressure2 500 torr, arc/substrate distance2 5cm,
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One sample of each polymer was exposed to an argon arc of
an arc current of 5 amps with the tip of the cathode at
the end of the anode tube furthest (Back) from the
substrate. The arc/substrate distance is approximately
7.5 cm with the cathode rod in this position. The weight
loss was measured for the two polymers exposed to an
helium arc with an arc current of 7 amps and the tip of
the cathode rod positioned at the front of the anode
tube. The approximate etch rates were calculated from
the weight loss measurements using equations 1 and 2.
All the above experiments were performed at a
chamber pressure of 500 torr. The samples were exposed
to the arc for intervals of ten minutes for a total time
of exposure to the arc of 40 minutes. The weight loss
was recorded at the end of each ten minute interval.
3.2.2 Weight Loss with the UV Filters
The samples reported used in section 3.1.5 for the
contact angle measurements using the UV filters were
measured for weight loss at the end of every 10 minute
interval. Tables 9 and 10 show the weight loss data for
PTFE exposed to helium and argon arcs, respectively, with
and without the UV filters. Tables 11 and 12 show the
weight loss data for FEP exposed to helium and argon
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Weight Etch
Fi.lt.er Loss Xg.L !L2ll Rate (A/min),
no filter 0.000735 (0.000048) -146
LiF 0.000613 (0.000066) -121




TABLE 9 Weight loss data for PTFE exposed to an helium arc,





F i 1 ter Loss (g) (<y) Ra
t_e__c^/m_in )
no filter 0.000612 (0.000025) -121






TABLE 10 Weight loss data for
PTFE exposed to an argon arc.






Filter Loss (g) (cr) Rate (ft/min)
no filter -179 CI]
LiF 0.001407 (0.000038) -163




[ 13 . From Table 8 experiment # 10
TABLE 11 Weight loss data for FEP exposed to an helium arc





Filter Loss (g) (o-,.)_ Rate (A/min)
no filter 0.001231 (0.000023) -165






TABLE 12 Weight loss data for
FEP exposed to an argon arc,




arcs, respectively, with and without the UV filters. The
approximate etch rates, calculated from the weight loss
measurements using equations 1 and 2, are listed in Table
9-12.
3.3 SEM
Several of the exposed samples were analyzed by SEM
to examine any changes in surface morphology. Figures 37
and 38 are SEM micrographs of untreated PTFE and FEP,
respectively, magnified fourteen thousand times. The
untreated samples exhibit a smooth surface. Initial
experiments of samples exposed using no UV windows showed
debris on and roughening of the surface. Figures 39 and
40 are SEM micrographs of PTFE exposed to an helium arc
for 30 minutes magnified fourteen hundred times and
fourteen thousand times, respectively. Figures 41 and 42
are SEM micrographs showing FEP exposed under similar
conditions and at the same magnifications.
Samples exposed with UV filters in place show little
debris formation and no roughening of the surface.
Figures 43 and 44 are SEM micrographs of PTFE and FEP,
respectively, exposed to an
helium arc for 1 hour with a
LiF filter in place. Figure 45 is a SEM micrograph of
FEP exposed to an helium arc with a CaF2 filter in place,
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FIGURE 37 SEM micrograph of untreated PTFE magnified 14 kX.
FIGURE 38 SEM micrograph
of untreated
FEP magnified 14 kX.
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FIGURE 39. SEM micrograph of PTFE exposed to an helium
arc for 30 minutes. Magnified 1.4 kX.
**-f





SEM micrograph of PTFE
exposed to an helium
arc for 30 minutes.
Magnified 14 kX.
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FIGURE 41 sEM micrograph of FEP exposed to an helium
arc for 30 minutes. Magnified 1.4 kX,
FIGURE 42 SEM micrograph of FEP exposed to
an helium




SEM nicrogJ~aph of PTFE exposed to an helium
arc for 60 minutes using a LiF filter.
Magnified 14 kX.
FIGURE 44 SEM micrograph of FEP exposed to an helium
arc for 60 minutes using a LiF filter.
Magnified 14 kX.
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FIGURE 45 SEM micrograph of FEP exposed to an helium
arc for 60 minutes using a CaF2 filter.
Magnified 14 kX.
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Figures 46 and 47 are SEM micrographs of PTFE and FEP
exposed to an argon arc for 1 hour with a CaF;7, filter
with in place. All micrographs were taken using
magnifications of 14,000 times.
None of the PI and PEEK samples exposed to arcs
without the use of an UV filter showed any roughening of
the surface. Figures 48 and 49 are SEM micrographs of
untreated PI and PEEK, respectively, magnified 14,000
times. Figures 50 and 51 show samples exposed to an
helium arc for 60 minutes magnified 14,000 times.
3.4 Substrate Temperature
The substrate temperature was monitored for a series
of weight loss experiments. Temperatures at the start of
and at 2 minute intervals of a 10 minute experimental run
were recorded. Figure 52 shows the substrate temperature
of PTFE exposed to argon arcs of arc currents of 3(0),
5<Q) and 7(A) and an arc/substrate distance of 5 cm.
Also shown are the temperatures for PTFE exposed to an
argon arc with an arc current of 5 amps with the
arc/distance of -7.5 cm () and PTFE exposed to an helium
arc with an arc current of 7 amps and an arc/substrate
distance of -5 cm () . Similar data for FEP is shown in
Figure 53. All experiments were performed using a
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FIGURE 46
SEM micrograph of PTFE exposed to an argon
arc for 60 minutes using a CaF= filter.
Magnified 14 kX.
FIGURE 47 SEM micrograph of FEP
exposed to an argon




FIGURE 48 SEM micrograph of untreated PI magnified 14kX.
FIGURE 49 SEM micrograph of untreated PEEK magnified 14kX
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FIGURE 50 SEM micrograph of PI exposed to an helium arc for
30 minutes. Magnified 14 kX.
FIGURE 51 SEM micrograph of PEEK exposed to an helium arc for



































FIGURE 52 Substrate Temperature vs. Time for PTFE exposed
to an:
CO)-
argon arc, arc current 3A, arc/substrate
distance 5 cm.
<?>-
argon arc, arc current 5A, arc/substrate
distance 5 cm.
(A)-
argon arc, arc current 7A, arc/substrate
distance 5 cm.
(#)-
argon arc, arc current 5A, arc/substrate
distance 7.5 cm.
<M~>~ helium arc, arc current 7A, arc/substrate
distance 5 cm.
(Pressure 500 torr and magnetic field strength 94
















FIGURE 53 Substrate Temperature vs. Time for FEP exposed
to an:
(O)-
argon arc, arc current 3A, arc/substrate
distance 5 cm.
(D)-
argon arc, arc current 5A, arc/substrate
distance 5 cm.
(A)-
argon arc, arc current 7A, arc/substrate
distance 5 cm.
(#)-
argon arc, arc current 5A, arc/substrate
distance 7.5 cm.
(B)- helium arc, arc current 7A, arc/substrate
distance 5 cm.
(Pressure 500 torr and magnetic field strength 94
gauss for all experiments).
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chamber pressure of 500 torr. The data shown in Figures
52 and 53 were selected from the 10 minute experimental
runs which had a similar starting temperatures.
A sample each of PTFE, FEP, PI and PEEK was placed
in an oven at 110C for one hour. The contact angles,
receding for PTFE and FEP and advancing for PI and PEEK,
were measured after the heat treatment. No changes in
contact angle were observed for any of the samples.
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4.0 DISCUSSION
4. 1 Contact Angles
4.1.1 Receding Contact Angles for PTFE and FEP
The wettability of PTFE and FEP, as measured by the
receding contact angle, improved significantly upon
exposure to radiation from helium and argon arcs. The
receding contact angle was also measured on the unexposed
side for several samples. The values for the receding
contact angles on the reverse side were the same as the
values for the untreated samples. Since the absorption
of VUV photons is limited to the surface region of the
exposed side, no change should be observed in the contact
angle of the reverse side. The contact angle that a
liqiud forms on a solid is dependent on the physical and
chemical nature of the outermost layers of a polymer
surface. Figures 19-23 show that modification of the
outermost surface layers can be obtained by short times
of exposure to radiation from an arc and that the change
in wettability was independent
of time after a few
minutes of exposure. The constant trends in receding
contact angle observed for PTFE exposed to an helium arc
at three different chamber pressures show that surface
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modification was also independent of the pressure in the
limited region, 400-600 torr, investigated here.
Judging by the
"minimum"
receding contact angle from
Figures 19-22 and the magnitude of the values for (e-
9v>, the wettability of PTFE was improved more than that
of FEF by the VUV photons. Only the
"minimum"
receding
contact angle of PTFE exposed for 1 minute to helium and
argon arcs had a value greater than any of the treated
FEP samples. However, the values for (6R-er) of these
two PTFE samples were equal to or greater than any of the
(6^-9,-) values of FEP. It should be taken into account
that the contact angle of the 50 ul size drop for PTFE
has an advancing contact angle
5-10
higher than FEP.
The use of UV filters gives an indication of the
photon energies necessary to induce surface modification.
Crown glass, UV cutoff 4.5 eV, and KBr, UV cutoff 6.1 eV,
can transmit lower energy VUV photons. The receding
contact angle data using these two filters show that
lower energy photons are
not energetic enough to cause
surface modification even though the photons in this
region are more energetic than the dissociation bond
energies of C-C and C-F bonds, Table 13. Figures 54 C543
and 55 show that PTFE and FEP absorb weakly in
the region
above 190 nm (6.5 eV) . The authors
of reference 54 state
that PTFE could be used as a
pellicle mask for deep UV











TABLE 13 Bond energies of interest in polymers [43]
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FIGURE 54 Absorption spectra for several polymers,
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FIGURE 55 Transmission spectrum of FEP from 190 to 300 nm.
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but prevent the accumulation of dust during the
photolithographic process.
A slight decrease in the receding contact angle for
PTFE and FEP exposed to helium and argon arcs was
observed when fused silica was used as the UV filter.
This indicates that photons of energies between 6. 1 eV,
the UV cutoff of KBr, and 7.8 eV, the UV cutoff of fused
silica, are capable of modifying the surface of PTFE and
FEP. Though the transmission spectra, Figure 3, shows
weak absorption in the region between 160 nm (7.8 eV) and
203 nm (6.1 eV) for PTFE, impurities at the surface of
the film could alter the absorption properties. Egitto
and Matienzo [32] report that low levels of hydrogen
impurities were detected in commercial films of PTFE by
Foward Recoil Spectrophotometry (FRS) . The FRS data
shows the hydrogen impurities are limited to the top 20 A
of the film surface. The presence of hydrogen may cause
absorption at higher wavelengths. Polyethylene is a
linear saturated polymer similar to PTFE except with
hydrogen atoms in place of the fluorine atoms. The
absorption spectrum of polyethylene, Figure 2, shows that
absorption begins at longer wavelengths compared to PTFE.
No information concerning impurities in FEP
was
availible.
The photons transmitted by LiF, UV cutoff 11.8 eV,
and CaF^, UV cutoff 9.9 eV, also
modified the surface of
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PTFE and FEP. Comparing the receding contact angle data
and the values for (6a-er) in Figures 29-36 for both
polymers, the VUV photons emitted by an helium arc were
attenuated more by the LiF and CaF2 filters than the VUV
photons emitted an argon arc. The most intense spectral
lines for neutral helium in the VUV region, 21.2 and 23.1
eV (Table 2), are well above the UV cutoff energy of both
filters (Table 4). The tail end of the helium continuum,
Figure 15, transmits weakly in the region between the LiF
and CaF2 UV cutoff wavelengths. An argon arc was very
effective in improving the wettability of PTFE and FEP
when a LiF filter was used. The values for the
"minimum"
receding contact angle and (eiS>-e,-) approached the values
obtained when no filter was used. The effectiveness of
an argon arc was loss when a CaF-^. filter was used. Table
2 shows the most intense spectral lines for neutral argon
in the VUV region, 11.8 and 11.6 eV, are near the region
between the UV cutoff of these two filters. The argon
continuum decreases in intensity extends past the UV
cutoff wavelength of CaF2, 125 nm (9.9 eV) , up to about
170 nm (7.3 eV) . It appears that radiation from an
helium arc that is transmitted by the LiF filter is
weaker in intensity than the radiation from an argon arc.
The data from the UV filter experiments indicate that,
besides the photon energy, the intensity of the VUV
radiation is an important factor when modifying polymer
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surfaces. It appears photons energies greater than 9.9
eV are most effective in improving the wettabilities of
PTFE and FEP, however, the intensity of radiation should
be taken into account when comparing different
wavelengths.
The experiments with the helium arc agree well with
the results reported by Egitto and Matienzo [32] exposing
PTFE downstream of a helium microwave plasma. Both
experiments show that photons energies greater than 9.9
eV are most effective in improving the wettability of
PTFE. The rotating arc experiments do indicate that some
surface modification occurs when PTFE and FEP exposed to
photon energies less than 9.9 eV, while the downstream
microwave plasma experiments did not. The discrepancy at
photon energies below 9.9 eV may be due to differences in
the intensity of the two VUV sources. Besides different
sources of excitation, the two experiments operated at
different gas pressures, Egitto and Matienzo at 1.80
torr, this work at 400-600 torr. The pressure
broadening effect on the atomic lines will be more
pronounced at higher pressures. They reported a result
for a contact angle measurement from a single experiment
exposing PTFE to
an argon microwave plasma using a BaF-,
filter, UV cutoff of 9.3 eV.
This experiment indicates
photon energies less than 9.9 eV can modify the surface
of PTFE. As discussed above, the
results from the
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rotating arc experiments using argon also show that
photon energies less than 9.9 eV can cause surface
modification of PTFE and FEP. Both the rotating arc and
downstream microwave experiments using argon show the
importance of intensity of radiation on polymer
modification.
Similar to the experiments using no UV filter, the
experiments involving the UV filters also show that the
wettability of PTFE was improved more by the VUV photons
than FEP. Comparing the magnitude of (ejM-8,. ) for the two
polymers exposed to an helium arc, the wettability of
PTFE improved more when exposed to photon energies
greater than 9.9 eV, the UV cutoff of CaF=.. Samples of
the two polymers exposed to an argon arc exhibited
similar behavior -with PTFE being more wettable than FEP
when exposed to photon energies greater than 7.8 eV, the
UV cutoff of fused silica. Only when photon energies
were less than 9.9 eV for the helium and 7.8 eV for the
argon experiments did the polymers exhibit similar
changes in wettability. This data and the data reported
by Egitto and Matienzo exposing
PTFE and PE to VUV
radiation suggest that with the proper selection
of UV
filters and gas selective modification of
polymers can be
obtained by photochemical
methods. The data reported by
Egitto and Matienzo shows that the wettability
of PE,
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when compared to PTFE, can be improved with lower energy
photons.
It is not well understood why changes were observed
for the receding contact angles of PTFE and FEP, but not
for the advancing contact angle. Wu [5] states "even if
the advancing angle is unchanged, the receding angle
should be lowered" for plasma treated polymers.
Evaluating the receding contact angle appears to be an
effective measure of changes in wettability.
Reasons for changes in wettability are speculative
at this point. The initial experiments using no UV
filters showed, by SEM analysis (Figures 39-42), that the
surface of PTFE and FEP were roughened by exposure to an
arc. Surface roughness has been discussed as causing a
contact angle hysteresis by Dettre and Johnson [8] and
Schulze et al. [9]. The roughened surface presents
energy barriers for the advancing and receding contact
angles. Samples exposed using the UV filters showed no
roughening of the surface,
Figures 43-47, however, in
some cases exhibited changes in the receding contact
angle similar to samples exposed with no filter. The
wettability of PTFE and
FEP is affected by changes on the
surface other than or in addition to surface roughening.
The surface roughness of the samples exposed with no UV
filter may have
been caused by debris ejected from the
graphite electrodes. Debris formation during laser
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etching has been shown to cause surface roughening [55],
The debris acts as a mask preventing etching of any
material underneath it. Figures 39-42 do show large
amounts of debris scattered about the exposed surface of
PTFE and FEP.
Egitto and Matienzo [32] reported some
defluorination of the surface of PTFE exposed downstream
of a helium microwave plasma as detected by XPS. The XPS
analysis also suggest some oxidation of the PTFE surface.
UV and VUV photons are known to be capable of generating
relatively long-lifed free radicals on polymer surfaces
[15,29], These free radicals can react with oxygen when
exposed to the atmosphere after treatment.
4.1.2 Advancing Contact Angle Changes For PI and
PEEK
The contact angle vs. time plots for PI and PEEK,
Figures 24-28 exposed to helium and argon arcs show
that the wettability improves
for both polymers after a
short times of exposure. Relatively constant values were
obtained after approximately 5 minutes of exposure. This
observation is consistent with the results observed for
PTFE and FEP, again indicating the
effectiveness of VUV
photons in modifying the
polymer surface.
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The initial experiments, Figures 24-28, indicate
photons emitted by an argon arc may be more effective in
improving the wettability of PI and PEEK than the photons
from an helium arc. PI and PEEK have polymer structures
more complex than the strucures of PTFE and FEP. PI and
PEEK contain aromatic groups which absorb UV radiation
strongly at about 180 nm. Carbonyl groups and ether
linkages present in these two polymers absorb UV
radiation above 200 nm,
Preliminary experiments show that changes in the
contact angles of PI and PEEK exposed to radiation from
an argon arc using the LiF and CaF3 filters are similar
to the behavior observed for PTFE and FEP. The values
for the contact angles increased as the transmitted
photon energy decreased. Like the experiments using PTFE
and FEP, the intensity of radiation transmitted by the
filters is most likely a factor when modifying PI and
PEEK.
As with PTFE and FEP, it is not known why the
changes in contact angle for exposed samples were
observed. Water is responsive to polar changes on a
surface. A decrease in the contact angle of water may
indicate increased polarity of the
surface due to
oxidation. Free radicals generated on the surface by the
VUV photons could react with
oxygen and nitrogen when the




As seen in Tables 8-12, there are fluctuations in
the weight loss data for PTFE and FEP. Despite the
fluctuations the tables show that both polymers undergo
substantial photodegradat ion, depending on experimental
conditions, when exposed to the VUV photons.
Table 8 show an increase in weight loss for samples
of PTFE and FEP exposed to argon arcs with increasing arc
currents. The intensity of radiation is proportional to
the gas temperature and electron density [33] .
Increasing the arc current increases both quantities,
which according to the Boltzman equation
increases the
number of excited atoms in the arc. Increasing the
photon intensity increases the photon flux arriving at




decrease in the rate of weight loss for both
PTFE and
FEP. The photon flux arriving at a
sample is inversely
proportional to the square of the distance separating the
sample and photon source.
The ratio for the inverse
square of the arc/substrate distance, (7.5/5)2,
is equal
to 2.25. The ratio of the
weight loss from experiments #3
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over #2 for PTFE is 2.58. The same ratio for experiments
#7 and #8 for FEP, 3.89(j is much higher. These
experiments were performed only once and assume the
change in distance is the only variable affecting the
weight loss. Additional experiments paying close
attention to the experimental parameters are necessary to
determine if the inverse square relationship applies
here . .
PTFE and FEP substrates show greater weight loss
when exposed to an helium arc than exposed to an argon
arc using the same conditions. The VUV photons emitted
by helium are more energetic than the photons emitted by
argon, Caution should be used when comparing the
relative intensities between the two gases listed in
Table 2. However, even if the intensity of the argon arc
is greater than the intensity of the helium arc, it is
apparent that more energetic helium photons cause more
degradation than the argon photons.
The weight loss data shows that, in almost all
instances, FEP degrades more readily than PTFE
when
exposed to VUV photons. FEP appears to absorb more
strongly than
PTFE in the VUV region, even though the
polymer structure of the two polymers are very similiar.
An absorption spectrum for FEP in the
VUV region was not
obtained from the literature, so a direct
comparison of
absorption properties can not
be made. The experiments
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listed in Table 8, comparing the results from the helium
and argon arcs using the same conditions, suggest that
the energy of the photons is more important when
degrading PTFE.
The weight losses reported in Table 8 were converted
into etch rates with units of mg/cm^/h and compared with
results reported by Golub and Wydeven [563 for PTFE and
FEP, Table 14. Golub and Wydeven exposed various polymer
films downstream of radio-frequency oxygen plasmas, "out
of
glow"
and compared his etch rates with etch rates
reported by others for polymers exposed in contact with
radio frequency oxygen plasma, "in glow". The downstream
plasma reactor used by Golub and Wydeven was configured
to avoid exposure of the polymer films to VUV and UV
radiation emitted from the plasma. The PTFE and FEP
f luoropolymers are very resistant to etching by atomic
oxygen alone. The data from the rotating arc experiments
indicate VUV photons may be an effective method for
etching these two
polymers.
The weight loss data from the experiments using the
different UV filters, Tables 8-12, show that photon
energies greater than 7.8 eV, the UV cutoff wavelength of
fused silica, were necessary to
cause photodegradation.
Less energetic photons caused no measurable weight
loss.
Valiev et al. [273 reported some etching of
PMMA
occurring at

















.77 36 .97 -3.
7x10"
55 .40 61 -4. 0x10-*
TABLE 14 Comparison of etch rates for PTFE and FEP from this
work, Table 8, with the etch rates reported by Golub
and Wydeven [56] for samples exposed to oxygen plasmas
("in
glow"-
substrate in contact with rf plasma, "out
of
glow"-
substrate downstream of RF plasma).
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Unlike PTFE and FEP, PMMA has a pendant group which
absorbs at longer wavelengths.
No measurable weight loss occurred for any samples
when fused silica was used as the filter, while the
receding contact angle did change. As discussed above in
section 4.1.1, impurities located in the outer most
surface region of a film may absorb at higher
wavelengths. Since that outer region is very narrow,
for example -20 A for PTFE [32], any weight loss may be
too small to measure, however, the surface wettability
will be affected by any modification of the top layer.
It is apparent, when different filters are used, that the
weight loss decreased as the photon energy and, perhaps,
intensity transmitted by the filter decreased. This
observation is consistent with the receding contact data
for these two polymers.
The weight loss data does conflict with the receding
contact angle data. The wettability of PTFE is improved
more than FEP by the VUV photons while the weight loss
shows FEP degrades more readily PTFE. Though the contact
angle and weight loss data are measurements of physical
properties, they do suggest that perhaps
multiple
chemical process may be
involved in the modification and
degradation of polymer surfaces due to the VUV radiation.
This is also indicated by the FEP samples exposed to an
helium arc using the
LiF and CaF2 filters. The weight
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loss data shows that substantial degradation has
occurred, while the receding contact angle shows a small
change in wettability compared to samples exposed with no
UV filter in place.
4.3 Temperature Effect
The maximum temperature a substrate was allowed to
reach during an experimental run was approximately 110C.
This temperature is well below the temperature necessary
to thermally degrade the polymers used in these
experiments. All the polymers used here are resistant to
thermal degradation, as discussed in the experimental
section (2.2.3). Heat treatments at a 110 C do not
affect the wettability of these polymers as determined by
contact angle measurements. Previous work with arc
plasmas show that the radial temperature distibution of
an arc rapidly approaches
room temperature at a distance
of about 1 cm from the arc [353. Ions and metastables
are not present at gas
temperatures of room temperature
according to the
Boltzman equation. Therefore, ions and
metastables are not a cause of
surface modification at
the arc/substrate distances used in
these experiments.
One concern with the increase
in temperature may be
the effect on the transmission
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FIGURE 57 Transmission spectrum of CaF2 filters at various
temperatures [ 563 .
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filters. Figures 56 and 57 show the UV cutoff wavelength
shifts to slightly longer wavelengths at higher
temperatures. However, the shift of the UV cutoff to
higher wavelengths over approximately 100 C
increase in
temperature corresponds, roughly, to a photon energy
change of a few tenths of an electron volt.
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5.0 CONCLUSION
Vacuum-ultraviolet radiation emitted by inert gas
arc plasmas rotating in a magnetic field caused
substantial modification of the polymers investigated
here. The observed changes in surface modification are
due to absorption of VUV photons. Unlike laser etching,
where heating and ablation of the polymer occurs, the
effect of radiation from a rotating arc is purely
photochemical. The modification is limited to the
surface region because of the strong absorption of the
VUV radiation by the polymers. Photon energies greater
than 9.9 eV are the most effective in modifying polymer
surfaces. Also, the intensity of the VUV radiation is an
important factor causing modification. The results
obtained suggest that selective modification of polymers
can be obtained by use of appropriate gas and UV filters.
Ill
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